The torsional oscillator experiments described here examine the effect of disorder on the nonclassical rotational inertia (NCRI) of a solid 4 He sample. The NCRI increases with increasing disorder, but the period changes responsible for this increase occur primarily at higher temperatures. Contrary to expectations based on a supersolid scenario, the oscillator period remains relatively unaffected at the lowest temperatures. This result points to a nonsuperfluid origin for the NCRI. The work reported here investigates the changes in the period of a torsional oscillator (TO) containing a solid hcp 4 He sample as a result of plastic deformation of the sample. In the pioneering experiments of Kim and Chan 1,2 (KC) at Penn State, a decrease in the period of a TO containing a solid 4 He sample was observed for temperatures below 250 mK. KC interpreted the period decrease in terms of an onset of the growth of non-classical rotational inertia (NCRI) 3 arising from a superfluid-like decoupling of a fraction of the solid 4 He moment of inertia from the TO. In subsequent work, Kim et al 4 showed that the magnitude of the non-classical rotational inertia fraction (NCRIF) is sensitive to 3 He impurity concentrations. The Penn State group also found a sensitivity to the method of sample preparation.
The work reported here investigates the changes in the period of a torsional oscillator (TO) containing a solid hcp 4 He sample as a result of plastic deformation of the sample. In the pioneering experiments of Kim and Chan 1,2 (KC) at Penn State, a decrease in the period of a TO containing a solid 4 He sample was observed for temperatures below 250 mK. KC interpreted the period decrease in terms of an onset of the growth of non-classical rotational inertia (NCRI) 3 arising from a superfluid-like decoupling of a fraction of the solid 4 He moment of inertia from the TO. In subsequent work, Kim et al 4 showed that the magnitude of the non-classical rotational inertia fraction (NCRIF) is sensitive to 3 He impurity concentrations. The Penn State group also found a sensitivity to the method of sample preparation. 5 The experiments of Rittner and Reppy 6 demonstrated that annealing of the solid 4 He samples can greatly reduce the magnitude of the NCRI signal, suggesting that the level of disorder in the sample plays an important role in this phenomenon.
In a series of interesting experiments, Day and Beamish 7 (DB) have studied the shear modulus, µ, of solid 4 He. They find an anomalous increase, ∆µ, in the shear modulus at low temperatures which bears a striking resemblance to the temperature dependence of the NCRI signals observed in the TO experiments. DB argue that the temperature dependence of the shear modulus and the related phenomena can be understood in terms of the pinning of dislocation lines by 3 He as the temperature is lowered. Although it is tempting to attempt to explain the TO results in terms of the changes in the shear modulus, calculation 8 shows that the 10 to 20% variations seen in the modulus by DB are far too small to explain the TO results. West et al 9 also report an increase in the shear modulus for hcp 3 He. However, the NCRI signature is absent in 3 He experiments, which suggests a role for quantum statistics in these experiments.
The aim of the current experiment was to determine the influence on the NCRI of disorder induced by the plastic deformation of a solid 4 He TO sample. Plastic deformation of solid 4 He is known to result in the creation of dense populations of dislocations in the solid.
10−13 The deformation of the solid and the accompanying generation of a high-density population of dislocations was expected to lead to an increase in the NCRI signal, as has been confirmed by this experiment.
The TO cell used for the current experiments is shown in Figure 1 . At low temperatures the frequency of the TO is 818 Hz and the rim velocity is in the range of 10 to 20 µm/s. An inner cylinder, attached to the flexible diaphragm at the top of the cell, defines an annular region containing the solid 4 He sample. It has a height of 0.917cm, a radial gap of 0.032 cm, and a mean radius of 0.714 cm. The gaps at the top and bottom of the inner cylinder are 0.025 cm. The TO period at liquid helium temperatures is 1.219 ms and the total period shift for a solid sample with a density of 0.200 gm/cm 3 is calculated to be 185 ns. A Straty-Adams (SA) capacitance gauge 14 with mbar pressure sensitivity is mounted on the upper side of the diaphragm and the region surrounding the gauge is enclosed, with a fill line added to allow the volume above the diaphragm to be filled with liquid 4 He. Hydrostatic pressure can then be applied to the diaphragm to produce a controlled displacement of the diaphragm and the attached inner cylinder. More details of this technique are given in Rittner et al. 15 The displacement is monitored by the capacitance of the SA gauge, suitably corrected for the pressure-dependent dielectric constant of the liquid helium between the plate capacitor plates. Since the TO has a pressure sensitivity of 0.88 ns/bar, the sample pressure is monitored with the SA gauge to insure that period shifts observed in the course of the experiment are not due to pressure changes within the cell.
The maximum pressure that can be applied to the diaphragm is limited to the melting pressure of 4 He at low temperature. At this pressure, the inner cylinder is displaced by 1.9 µm relative to the outer wall of the cell, resulting in a shear strain in the annulus of 5.9 x 10 −3 . This level of strain is well above the threshold for the plastic deformation of hcp 4 He. 7 The solid 4 He samples are formed by the blocked capillary (BC) method, using standard 4 He (0.3 ppm 3 He impurity). The cell is initially filled with liquid to a pressure near 60 bar, then cooled to freeze the sample. At the completion of freezing the sample pressure has been reduced to about 40 bar. Sample formation by the BC technique results in a poly- crystalline sample with a relatively high degree of initial disorder. In an attempt to reduce the initial degree of disorder, most samples are annealed for up to 20 hours at temperatures above 1 K. In Figure 2 the period data are shown for a 4 He sample with two different levels of disorder. Period data for the empty cell, shifted to match the other data sets at 20 mK, are also shown. The magnitude of the NCRI signal, is determined in the usual way by subtracting the raw period data from a linear "background" function determined by a fit to the period data above the onset temperature. The initial sample, middle data set in Figure 2 , was cooled to 20 mK after being annealed at 1.6 K. The magnitude of the NCRI for this sample was 9.1 ns for a 4.9% NCRIF . The temperature was raised then to 250 mK, and 4 He was slowly condensed into the volume above the diaphragm. When this volume was full, the pressure was raised to 10.3 bar, to produce a 0.81 µm displacement of the inner cylinder and a shear strain of 2.55 x 10 −3 . The pressure was then reduced to near zero by pumping on the fill line, thus returning the diaphragm and inner cylinder to their original positions. The upper data set was obtained following the deformation of the sample. The NCRI has now increased to 12.6 ns or a 6.8% NCRIF. There are two important features: 1) the TO period is increased over a wide temperature range above the "supersolid" onset; 2) the increase in the period approaches zero as the temperature is reduced to 20 mK.
The effect of the deformation on the TO period is most clearly displayed by subtracting the period data for the undeformed sample from the period values after deformation. These data are shown in Figure 3 . These data present a remarkable contrast to expectations based on a scenario of a superfluid-like decoupling of a fraction of the solid moment of inertia. In this scenario, the sample is assumed to be firmly locked to the oscillator above the NCRI onset temperature, and it should be unaffected by the degree of disorder. Thus, the major changes in period, reflecting the growth of the NCRI signal, would occur at temperatures below the onset, rather than at high temperatures as seen in this experiment.
The data for the total dissipation, Q −1 total , for the TO corresponding to the period data of Figure 2 are shown in Figure 4 in an unshifted form. The total dissipation can be expressed as the sum of the individual contributions solid . At the lowest temperature, the dissipation of the empty cell accounts for the entire TO dissipation, with no additional contribution from the solid sample. As the temperature is increased, the solid contribution to the dissipation grows and passes through a peak in the neighborhood of 100 mK. As the temperature is raised above onset, the solid continues to make a substantial contribution to the total dissipation of the TO above the NCRI onset. Again, this behavior for the dissipation is contrary to what would be expected in the supersolid scenario, where the solid is locked to the TO and should contribute little if any additional dissipation. The dissipative dynamics of the solid 4 He system have been extensively studied with the TO technique; for a recent work see Hunt et al. 16 The effects of annealing were investigated in a sample that had been subject to the maximum strain. An initial annealing of this sample took place at a temperature of 0.820 K for a period of 19 hrs. During this time the period decreased 0.6 ns. Following this anneal, the temperature was lowered to 20 mK. The data obtained while warming from this temperature to 1.2 K are shown in Figure  5 . The sample was further annealed at 1.2 K. Raising the temperature to 1.4 K resulted in an almost discontinuous decrease in the TO period. Finally, the sample was held at 1.6 K for a period of 4 hrs without any further obvious relaxation in the period. The sample was then cooled again to 20 mK. At the lowest temperature the period of the annealed sample returned to within 1 ns of the pre-annealed value. In contrast, at 400 mK the period difference between the pre-annealed sample and the final annealed sample was 11 ns. Although, the dislocation lines introduced at 250 mK by plastic deformation can be readily removed by annealing at temperatures above 1 K, it is also clear that there are other forms of disorder in the sample that are less susceptible to annealing; it is interesting to note, however, that the influence of the remaining unannealed disorder freezes out over much same temperature range, below 0.2 K, as does that of the induced dislocation lines.
The most important conclusions to be drawn from this experiment are that the high temperature period of a TO containing a solid 4 He sample is strongly dependent on the level of disorder in the sample, with an increase in the TO period following an increase in disorder. The period increase and the additional dissipation associated with sample disorder both vanish at the lowest temperature. An analogous low temperature behavior for the shear modulus has been reported by Day, Syschenko, and Beamish.
17 They find the low temperature value of the shear modulus to be relatively unaffected by additional disorder or annealing of the sample; however, several other aspects of their work are not in accord with the present experiment.
Since the original KC experiments, a number of models based on non-superfluid mechanisms have been developed to explain the NCRI phenomenon. Among these are the suggestion that a glass transition may take place in the solid, 18 the two-level system model of Andreev, 19 as well as a dislocation line model, developed by Iwasa.
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In the case of an ordinary solid, the sample will be accelerated by an elastic interaction with the walls. When the ratio between the mean radius of the annulus and the radial gap, ∆R/R, is large, as for the present TO, the annular geometry can be approximated by parallel plates separated by ∆R. The displacement of the plates will be Rθ 0 sin(ω,t), where θ 0 is the maximum angular displacement of the TO. The motion of the solid is governed by a wave equation, with a solution for the angular displacement of the solid, θ(x,t) = θ 0 sin(ωt) [cos(2π∆Rx/λ)/cos(∆R/λ)], where λ = (2π/ω) (µ/ρ) 1/2 is a characteristic wavelength and µ is an effective shear modulus of the disordered solid. The x axis, normal to the surface of the plates, has its origin at the midpoint between the plates. The mean angular displacement of the solid, (θ 0 +∆θ) sin(ωt) = θ 0 [λ/(π∆R)] tan(π∆R/λ)sin(ωt) and is slightly larger by the amount, ∆θ, than θ 0 ; (∆θ/θ 0 ) = [[λ/(π∆R)] tan(π∆R/λ) − 1]. Expanding tan(π∆R/λ) to second order in (π∆R/λ), gives (∆θ/θ 0 ) = ρ(∆R 2 ω 2 /12µ, or µ =ρ(∆R 2 ω 2 /(12∆θ/θ 0 )). The ω 2 dependence might be tested with a double frequency TO.
Neglecting frictional terms, the total torque acting on the TO is τ T O = −kθ(t) + τ s = −I T O ω 2 θ 0 sin(ωt), where τ s = I s ω 2 (θ 0 + ∆θ)sin(ωt) is the reaction torque due to the solid. I T O and I S are the moments of inertia of the empty TO and the solid sample, respectively, and k is the torsion constant. Solving the torque equation for ω = 2π/P, where P is the oscillator period, we have P = 2π [I T O + I S (1 + (∆θ/θ 0 ))]/k. In the standard supersolid picture, the expression for the TO period is P = 2π [I T O + I S (1 − (ρ S /ρ))]/k. Thus a decrease in (∆θ/θ 0 ), which might occur as a result of an increase in the shear modulus. will be reflected by a decrease in the TO period that would be interpreted as an increase in (ρ S /ρ) or the NCRIF in the supersolid scenario.
Iwasa 20 has suggested that under a shear stress, σ, there will be an additional displacement strain due to dislocation line motion, = [(ΩΛ)/(πρω 0
2 )]σ, where Λ is the line density, Ω is an orientation factor, and ω 0 is the resonant frequency for a pinned dislocation line. This equation serves to define an effective shear modulus µ' = (πρω 0 2 )/(ΩΛ). Substituting this value for µ in the previous expression for (∆θ/θ 0 ), gives (∆θ/θ 0 ) = (ΩΛ∆R 2 ω 2 )/(12πω 0 2 ). The frequency of pinned lines, ω 0 , depends on the length of line between pinning centers that will, in turn, will depend on details of the sample. As an example, taking 5 µm as the separation between pinning centers, ω 0 = 1.6 x 10 7 Hz. A 1% shift in (ρ S /ρ), or (∆θ/θ 0 ) = 10 −2 would require ΩΛ = 2.3 x 10 10 lines cm −2 . This value for the line density is several orders of magnitude larger than that observed in ultrasonic experiments. 10−13 In the Iwasa model, the decrease in period at low temperatures results from additional pinning by 3 He atoms that condense on the lines as the temperature is lowered. Shorter lines will have higher resonant frequencies and a reduced ∆θ/θ 0 . Above approximately 200 mK, depending on the 3 He concentration in the sample, the 3 He atoms will evaporate and the TO period will become relatively independent of temperature.
Iwasa's model has attractive features, however, the large value required for the line density may be a problem; it is also difficult to see how dislocation line motion might account for the observed NCRI in the case of solid 4 He contained in porous Vycor glass 1 where the line length would be restricted to the pore size of 10 nm. In addition, a model based solely on dislocation line dynamics does not incorporate the effects of quantum statistics that may be required to explain the absence of an observable NCRI in hcp 3 He.
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